Chlamydia trachomatis proteins were electrophoresed and then transferred to nitrocellulose paper to detect chlamydial proteins which bind to eucaryotic cell membranes. Resolved polypeptides of C. trachomatis serovars J and L2 were reacted with iodinated HeLa cell membranes and autoradiographed. Infectious elementary bodies of both serovars possess 31,000-and 18,000-dalton proteins which bind to HeLa cells. In contrast, noninfectious reticulate bodies do not possess eucaryotic cell-binding proteins. Both proteins are antigenic when reacted with hyperimmune rabbit antisera in immunoblots and antisera raised against the 31,000-and 18,000-dalton proteins are inhibitory to chlamydia-host cell association. In addition, these antisera exhibit neutralizing activity. Our data suggest that these putative chiamydial adhesins play a key role in the early steps of chlamydia-host cell interaction and that antibody directed against them may be protective.
Chlamydiae are obligate intracellular parasites which have been linked to an expanding spectrum of human disease (12, 23) . The infectious forms of the organism, elementary bodies (EB), attach to host cells and, once ingested, initiate a unique developmental cycle (24) . The intracellular reticulate bodies (RB) are noninfectious, larger, and more fragile than EB and display differences in their protein profile (10) .
Although chlamydiae appear to be internalized by an endocytic-like process (3, 25, 27) , neither a chlamydial adhesin nor a host cell receptor has yet been identified. Information that EB are ingested more efficiently than are Escherichia coli or latex spheres implicates a specific mechanism for chlamydial attachment and uptake (3) . Although a chlamydial ligand has not been characterized, the finding that EB cell walls attach to and are ingested by host cells nearly as efficiently as are whole EB (18) implicates cell wall components as putative adhesins. Earlier information that attachment is inhibited by heating EB provides evidence that the adhesin is a protein (2, 3) . However, heat inhibition was only partial and was not observed with a serovar A Chlamydia trachomatis strain (17) . Antiserum to whole EB inhibits attachment (3) , but antibody to the major outer membrane (OM) protein does not affect either attachment or uptake of EB (4) . To elucidate the initial steps of association between chlamydiae and host cells the objective of the present study was the identification and preliminary characterization of adhesin(s). We utilized a procedure which allows the detection of separated bacterial polypeptides on nitrocellulose that bind to eucaryotic cell membranes to identify putative adhesins on the surface of C. trachomatis.
MATERIALS AND METHODS
Growth and purification of chlamydiae. C. trachomatis serovars L2/434/Bu (L2) and J/UW-36 (J) were grown in HeLa 229 cells as described by Kuo et al. (15) . Cultures were harvested at 48 h for EB or 18 h for RB, and cells were removed with sterile glass beads. The cell suspension was sonicated and submitted sequentially to differential centrifugation (500 x g for 15 min, then 43,000 x g for 30 min through 35% Renografin [E. R. Squibb & Sons]), discontinuous * Corresponding author.
Renografin gradient centrifugation (40 to 52% Renografin at 43,000 x g for 1 h), and centrifugation through N-tris (hydroxymethyl)methyl-2-aminosulfonic acid (Sigma Chemical Co.) to remove the Renografin (31,000 x g for 30 min).
EB OM complexes were prepared as described by Jenkin (14) . The EB were suspended in 1% deoxycholate and shaken for 4 h at 45°C. The suspension was cooled to 0°C, centrifuged at 8,000 x g for 20 min, and washed with 0.1 M phosphate buffer (pH 7.4).
To prepare 3H-labeled EB, C. trachomatis serovar L2 was grown as described above with the addition of 2 ,uCi of
[3H]isoleucine (New England Nuclear, Canada Ltd.) in the presence of 1 ,ug of cycloheximide per ml. Cells were harvested at 48 h postinfection, and EB were purified as described above. Organisms were standardized as to protein content (19) , radioactivity, and infectivity (8 (20, 100) , and lactalbumin (14,400) (Pharmacia Ltd., Dorval, Quebec). Gels were fixed in 50% methanol overnight, stained with ammoniacal silver solution, and processed as described previously (6 Where appropriate, EB were pretreated with antisera to different chlamydial proteins. A 1:5 dilution of antiserum was preadsorbed with HeLa cells for 1 h at 37°C, and then the HeLa cells were removed by centrifugation. In all experiments 3H-labeled EB were diluted in HBSS to give 5 x 103 dpm/200 ,ul per well. Antiserum was added to the EB suspension for 30 min at 37°C; in some experiments, the EB-antiserum mixture was also incubated for 16 h at 4°C. The suspension was then sonicated, and the binding assay was performed as described above. The data are expressed as the percentage of total disintegrations per minute input associated with the monolayer.
Neutralization assay. EB were mixed with rabbit antisera to either the 31,000-or 18,000-dalton chlamydial protein, antiserum raised against whole EB, or the immunoglobulin G (IgG) fraction of antiserum raised against the 18,000-dalton protein. Normal rabbit serum and HBSS were used as controls. Preliminary experiments indicated that a 1:5 dilution of antiserum gave optimal neutralization, and results are reported using that dilution for all antisera. Likewise, various infectivity titers of EB were assayed, and a working inoculum of 3.5 x 104 inclusion-forming units (IFU)
(1:10,000 dilution of an EB stock solution containing 3.5 x 108 IFU/ml) was used for each test. The EB-antibody mixture was incubated for 30 min at 37°C, sonicated briefly, and used to assay chlamydial infectivity. Two hundred microliters of the mixture was used to inoculate each 24-hold HeLa cell monolayer grown in 24-well microplates. Each experiment was performed in triplicate. The inoculum was allowed to adsorb for 2 h at room temperature on a rocker platform (Bellco Glass, Inc. Vineland, N.J.) and was then removed. The monolayers were washed with HBSS, and fresh growth medium containing 10% fetal calf serum and 1 ,ug of cycloheximide per ml was added. The cells were incubated at 37°C and scored for infectivity 48 h later by microscopic observation.
Preparation of chlamydial antisera. Hyperimmune rabbit antisera to purified serovar L2 EB and to individual chlamydial proteins purified as described above were prepared as described by Caldwell and Schachter (5) . Rabbits received three immunizations, each containing 1.5 to 2 mg of protein, on weeks 0, 2, and 3 and were bled at week 4. Hyperimmune rabbit antiserum to the 18,000-dalton protein was adsorbed with chlamydial major OM protein (MOMP) before use in neutralization assays as preadsorbed antiserum was observed to cross-react with MOMP in immunoblots. Serovar L2 MOMP was eluted from SDSpolyacrylamide gels as described above and bound to CNBractivated Sepharose 4B (Pharmacia) which had been swelled with 1 mM HCl. Five milligrams of serovar L2 MOMP was dissolved in 0.1 M NaHCO3 (pH 8.3) containing 0.5 M NaCl and then reacted with the Sepharose beads for 3 h at room temperature followed by overnight at 4°C. Active groups were blocked with 0.2 M glycine (pH 8.0) for 2 to 4 h, and the mixture was then washed extensively with alternate washes with 0.1 M NaHCO3 (pH 8.3) and 0.1 M acetate (pH 4) buffers, each containing 0.5 M NaCl. To adsorb the anti-18,000-dalton protein serum, 2 ml of serum was reacted with the conjugate for 2 h at room temperature, followed by 4°C overnight, and then filtered through sintered glass. The specificity of antisera was confirmed by immunoblot analysis (see Fig. 7 ). The IgG fraction of antiserum directed against RESULTS Chlamydial proteins which bind eucaryotic cell membranes. When EB and RB polypeptides were transferred to nitrocellulose sheets and reacted with '25I-labeled HeLa cell membranes, two EB proteins of 31,000 and 18,000 daltons bound to the HeLa membranes (Fig. 1) . These binding proteins were detected on the EB of both C. trachomatis strains studied, serovars J and L2. Binding to HeLa membranes was observed in the presence or the absence of P-mercaptoethanol (although more chlamydial protein was visible in the absence of this agent) and in boiled as well as nonheated organisms. The same pattern was observed when resolved EB polypeptides were reacted with 1251I-labeled whole HeLa cells (data not shown).
When purified RB polypeptides were reacted with 12511 labeled HeLa cell membranes, neither the 31,000-nor 18,000-dalton protein was visible on the autoradiographs. Occasionally, very faint binding proteins of ca. 15,000 and 10,000 daltons were detected in RB preparations. HeLa cells, both membranes and whole cells, were observed to possess two proteins, ca. 15,000 and 10,000 daltons, which bound to 125I-labeled HeLa membranes on blots (Fig. 1 ).
This finding suggests that HeLa cell contamination of RB preparations, a common problem, accounted for the weak binding proteins observed on RB. However, the EB do not appear to be contaminated with detectable host cell material. This was confirmed by showing that the 31,000-and 18,000-dalton proteins are pulse-labeled with [35S]methionine as well, proportionately, as is MOMP in the presence of cycloheximide (Fig. 2) Chlamydial SDS-PAGE protein profiles. The protein patterns of serovars L2 and J, both EB and RB, were examined by SDS-PAGE (Fig. 3) . Coomassie blue-and silver-stained gels both demonstrated that EB of both serovars possess prominent 31,000-and 18,000-dalton polypeptides, whereas RB possess a protein slightly smaller than 31,000 daltons and no single 18,000-dalton polypeptide; instead, RB display three minor polypeptides in the 16,000-to 19,000-dalton range. Cell wall preparations of EB revealed the presence of both 31,000-and 18,000-dalton proteins on the OM complex of the infectious form (Fig. 3) . Evidence that the 18,000-dalton putative adhesin is surface exposed was derived from autoradiography of 125I-labeled EB separated by SDS-PAGE (Fig. 4) (Fig. 2) . Moreover, they are protease sensitive, which was shown by digesting EB preparations with 1 mg of trypsin per ml for 1 h at 37°C before SDS-PAGE (Fig. 3, lane F) . Chlamydial protein antigens. Protein antigens of serovars L2 and J were elucidated by immunoblot analysis (Fig. 5) . When EB and RB polypeptides were reacted with hyperimmune rabbit antiserum raised against serovar L2, 31,000-and 18,000-dalton protein antigens were detected on EB of both serovars analyzed, although only the 18,000-dalton species is a major antigen. However, RB do not possess either 31,000-or 18,000-dalton protein antigens, a finding consistent with our failure to observe these proteins on SDS-PAGE profiles or on I251-labeled HeLa binding blots of the intracellular forms.
Inhibition of 3H-labeled EB-HeLa association by antisera. Purified 3H-labeled EB of serovar L2 were inoculated onto HeLa monolayers, and after 1-h intervals postincubation the infected monolayers, representing ingested as well as bound EB, were removed and counted ( Fig. 6 and 7) . In three sets of experiments 3H-labeled EB were preincubated with hyperimmune rabbit antisera raised against either whole EB or individual EB proteins. Preincubation with normal rabbit serum revealed no inhibition to 3H-labeled EB-HeLa association and, in fact, appeared to slightly enhance association. However, polyclonal antibody directed against whole EB or EB polypeptides markedly inhibited association. Antibody raised against whole EB was 63% inhibitory compared with the control without antibody; antibody against the 31,000-dalton protein or the 18,000-dalton protein was 70 or 76% inhibitory, respectively, whereas combined antibody directed against these two proteins was 83% inhibitory to 3H-labeled EB-HeLa cell association. None of the antisera used agglutinated EB in slide agglutination tests.
Neutralization of chlamydial infectivity by antisera. Polyclonal antisera against the 31,000-or 18,000-dalton protein species were observed to have neutralizing capability. The control (no serum present) assay produced 50% infection in HeLa cell monolayers inoculated with 3.5 x 104 IFU of serovar L2 EB. Normal rabbit serum itself appeared to be slightly (approximately 20%) inhibitory. However, rabbit antisera directed against the two chlamydial binding proteins were markedly more inhibitory to infectivity. Unadsorbed antiserum to either the 31,000-or 18,000-dalton protein reduced infectivity of the homologous strain (L2) by 80% when used under the conditions described. Likewise, the IgG fraction prepared from antiserum to the 18,000-dalton EB protein was 75% inhibitory to infection. Antiserum to the 18,000-dalton protein, which was preadsorbed against chlamydial MOMP as described above, exhibited complete neutralization (no inclusions observed after 24 or 48 h of incubation), as did antiserum directed against whole EB. 
DISCUSSION
Current evidence regarding the endocytic-like uptake ot chlamydiae (3, 25, 27) implicates specific binding and receptor moieties in EB-host cell association. However, neither chlamydial adhesins nor host cell receptors have yet been identified. Earlier workers have detected adhesive proteins of other systems after passive transfer of electrophoresed proteins to nitrocellulose (11, 21 7. Immunoblot showing specificities of rabbit antisera used in EB-HeLa association inhibition assays and neutralization assays. Lanes: A, molecular weight markers; B, antiserum to the 31,000-dalton EB protein reacted against the homologous protein; C, antiserum to the 18,000-dalton EB protein preadsorbed against chlamydial MOMP as described in the text and then reacted against the 18,000-dalton protein; D, antiserum to the 18,000-dalton protein preadsorbed against chlamydial MOMP and then reacted against whole EB in the immunoblot.
shown to maintain antigenicity of proteins (26) (9); however, the trypsin concentration used in our study was much higher than that employed in their digests.
The 31,000-and 18,000-dalton binding proteins were extracted from preparative EB gels and used to produce hyperimmune rabbit antisera to serovar L2. These antisera were used in a tissue culture binding inhibition assay and compared with normal rabbit antiserum and antiserum directed against whole EB. The finding that antibody raised against whole EB is inhibitory to EB-HeLa association agrees with earlier results (3) and may well reflect stearic influences. However, antibody directed against the 31,000-and 18,000-dalton proteins was as inhibitory as antibody raised against the whole organism, indicating that these proteins may play a specific role in EB-host cell association. Even more pronounced inhibition was observed with antiserum against both binding proteins combined; this finding is consistent with a sequential, circumferential attachment process as proposed by Ward and Murray (27) .
Polyclonal antisera raised against the 18,000-and 31,000-dalton EB proteins also exhibited neutralizing ability. Previous workers have demonstrated the neutralizing effect of chlamydial antiserum (13) , plasma (1), IgG (4), and monoclonal antibodies (22) . In addition, Williams et al. (28) have shown that immune antiserum offers protection in their mouse model of murine pneumonitis agent. Although early results based on homologous strains suggested that neutralization may be type specific (4), recently workers have shown that neutralization with monoclonal antibody to the chlamydial MOMP can be species specific (22) . These investigators also noted the importance of concentration of both organism and antibody in producing optimal neutralizaion (22) , an observation which may help to explain the incidence of weak or incomplete neutralization that has been observed in many studies. The (4, 22) , our association inhibition data with antisera against the 31,000-and 18,000-dalton proteins suggest that antibody to these proteins acts at an earlier stage in the infection process.
The antigenicity of these binding proteins was analyzed by an immunoblot technique utilizing whole chlamydial polypeptides. Both the 31,000-and 18,000-dalton proteins on EB were recognized by hyperimmune rabbit antiserum raised against gerovar L>, the 18,000-dalton protein more strongly, suggesting -the possibility that antibody to these proteins may be protective. The 31,000-dalton protein, which is a weak antigen and poorly iodinated, may represent a transmembrane or partially buried mnoiety with little surface exposure. The finding that antibody directed against both EB binding proteins has neutralizing activity supports a protective role for such representative genital tract (serovar J) and lymphogranuloma venereum (serovar L2) strains of C. trachomatis, and both are immunogenic, chlamydial adhesins may be feasible vaccine candidates. We are presently investigating the protective effect of antibody directed against the putative adhesins and the role it may play in immunity to chlamydial infections.
